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ZebraﬁshPreferential loading of the complementary bioluminescent (f-aequorin) and ﬂuorescent (Calcium Green-1
dextran) Ca2+ reporters into the yolk syncytial layer (YSL) of zebraﬁsh embryos, revealed the generation
of stochastic patterns of fast, short-range, and slow, long-range Ca2+ waves that propagate exclusively
through the external YSL (E-YSL). Starting abruptly just after doming (~4.5 h post-fertilization: hpf), and
ending at the shield stage (~6.0 hpf) these distinct classes of waves propagated at mean velocities of ~50
and ~4 μm/s, respectively. Although the number and pattern of these waves varied between embryos, their
initiation site and arcs of propagation displayed a distinct dorsal bias, suggesting an association with the for-
mation and maintenance of the nascent dorsal-ventral axis. Wave initiation coincided with a characteristic
clustering of YSL nuclei (YSN), and their associated perinuclear ER, in the E-YSL. Furthermore, the inter-YSN dis-
tance (IND) appeared to be critical such that Ca2+ wave propagation occurred only when this was b~8 μm; an
IND >~8 μm was coincidental with wave termination at shield stage. Treatment with the IP3R antagonist,
2-APB, the Ca2+ buffer, 5,5′-dibromo BAPTA, and the SERCA-pump inhibitor, thapsigargin, resulted in a signiﬁ-
cant disruption of the E-YSL Ca2+ waves, whereas exposure to the RyR antagonists, ryanodine and dantrolene,
had no signiﬁcant effect. These ﬁndings led us to propose that the E-YSL Ca2+ waves are generated mainly via
Ca2+ release from IP3Rs located in the perinuclear ER, and that the clustering of the YSN is an essential step in
providing a CICR pathway required for wave propagation. This article is part of a Special Issue entitled: 12th
European Symposium on Calcium.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Substantial evidence is beginning to accumulate to suggest that in
developing zebraﬁsh and other teleosts, extra-embryonic domains
such as the enveloping layer (EVL), the yolk cell (YC), and the yolk
syncytial layer (YSL), may play a signiﬁcant role in generating signals
that serve to pattern the early embryonic domain (i.e., the deep cells)
during the blastula and gastrula periods, as well as throughout later
developmental stages [1–12]. Here, we report the visualization of sto-
chastic, dorsally-biased Ca2+ waves propagating exclusively within
the external YSL (E-YSL); propose a mechanism for their generationsmic reticulum
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rights reserved.and propagation; and fromwave disruption experiments,make sugges-
tions as to their possible developmental function(s).
The occurrence andpossible roles of Ca2+ signallingduring embryonic
development have been reviewed by several authors [13–18], as well as
that speciﬁcally during zebraﬁsh embryogenesis [19–24]. Furthermore,
Ca2+ signalling during the embryonic time window when the YSL
forms (and then features prominently), i.e., the mid-blastula and gastrula
periods, respectively, has also been the subject of a recent review [25].
Detailed descriptions of the formation of the YSL in a variety of teleost
species have been reported: For example, in zebraﬁsh [26,27]; Fundulus
[28]; and medaka [29], and this essential teleostean developmental
event has also been the subject of excellent reviews [8,10]. Several
authors have reported visualizingCa2+ transients in a regionof a normally
developing zebraﬁsh embryo that may well have encompassed the YSL
[14,19,20,30,31]. However, from the way that the data were collected
and presented, it is sometimes not clear whether the Ca2+ transients
were being generated exclusively in the YSL itself or in the marginal
cells of the blastoderm that lie immediately above the YSL, or indeed
in a combination of both these domains. These reports do, however,
suggest that Ca2+ signalling in this extra-embryonic domain may have
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particular on establishing and/or maintaining the dorsal-ventral axis.
For example, Westfall et al. [32] reported that manipulation ofWnt-5
activity by either gain-of-function or loss-of-function approaches resulted
in changes in endogenous Ca2+ signalling activity. They described a re-
duction in Ca2+ release in zebraﬁsh Wnt-5/pipetail mutant embryos
and reported that the embryonic region displaying the greatest reduction
of Ca2+ activity includes the YSL. Embryos genetically depleted of both
maternal and zygoticWnt-5 displayed hyperdorsalization and axis dupli-
cation phenotypes. They suggested that the dorsalized phenotypes
resulted from increased β-catenin accumulation and activation of down-
streamgenes, and they proposed that theWnt-5 loss-of-functiondefect is
consistent with Ca2+ modulation via the non-canonical Wnt/Ca2+ sig-
nalling pathway having an antagonistic interaction with canonical Wnt/
β-catenin signalling [15,17,32,33].
However, in spite of the growing number of reports where Ca2+
transients have been described (and manipulated either by genetic or
molecular means) during the late blastula/early gastrula period from a
region of the embryo suggested to be the YSL, to date nonehas indisput-
ably demonstrated such transients to be generated exclusively in the
YSL, or to have any dorsal-ventral asymmetry. This is in contrast to
such a dorsal bias being reported in the EVL of the blastoderm following
the mid-blastula transition at ~2.75 h post-fertilization (hpf) [34]. We
suggest that this failure to establish beyond a doubt that the Ca2+ tran-
sients are indeed generated speciﬁcally in the YSL, or to detect any sig-
nalling asymmetry in the YSL-generated Ca2+ signals, may be due (to a
substantial degree) to a combination of the technique used to load the
Ca2+ reporter into the embryo as well as the Ca2+ imaging technique
employed. We thus undertook an extensive re-evaluation of YSL Ca2+
signalling using both aequorin-based luminescence imaging and com-
plementary ﬂuorescence-based imaging. We suggest that the former
is best suited to provide a near-continuous recording of global Ca2+ sig-
nalling events in a large pan-embryonic domain such as the YSL, while
the latter is essential for conﬁrming that the Ca2+ transients are being
generated exclusively within the YSL. Furthermore, in the case of
aequorin-based imaging, we examined entire embryos from an animal
pole as well as a lateral view, as the former is the best orientation
fromwhich to observe any asymmetrywith regards to the spatial distri-
bution of the Ca2+ transients in the YSL, with respect to the emerging
dorsal-ventral axis. We also investigated the distribution of nuclei and
the perinuclear ER in the YSL at various stages during epiboly and dem-
onstrated that Ca2+ waves propagated exclusively through regions of
the E-YSL but only at times when the inter-nuclear distance (IND)
was less than ~8 μm. Furthermore, embryos were treated with antago-
nists of IP3Rs and RyRs, in order to determine if either, or both, receptors
were involved in YSL Ca2+ wave generation, as well as the Ca2+ buffer,
5,5′-dibromo BAPTA (DBB), and the sarco/endoplasmic reticulum Ca2+
ATPase- (SERCA-) pump inhibitor, thapsigargin (Tg). Treatment with
2-APB and DBB resulted in a near-complete knockdown of the E-YSL
Ca2+ signals and disrupted subsequent development of the embryo,
whereas treatment with ryanodine and dantrolene had no signiﬁcant
effect either on these signals or on development. On the other hand,
treatment with Tg resulted in a rapid and large increase in Ca2+ in the
YSL, which also severely disrupted the endogenous E-YSL signals, and
resulted in later developmental events being affected.
Our new data thus conﬁrm that the E-YSL is indeed another extra-
embryonic domain (i.e., in addition to the EVL and the YC), that generates
regionalized Ca2+ signals, and that disrupting these signals has a pro-
found effect on the subsequent development of the embryo proper.
2. Materials and methods
2.1. Embryo collection
Wild-type (AB strain) zebraﬁsh (Danio rerio) were maintained on a
14-hour light/10-hour dark cycle to stimulate spawning [35]. Fertilizedeggswere collectedwithin ~5 min of spawning, as described previously
[36]. Embryos were maintained in Danieau's solution (17.4 mM NaCl,
0.21 mM KCl, 0.18 mM Ca(NO3)2, 0.12 mM MgSO4·7H2O, 1.5 mM
HEPES, pH 7.2) at ~28.5 °C during the course of all experiments.
2.2. Microinjection techniques
Intact embryoswere injected through the chorion at either the 1-cell
stage (i.e., ~0.5 hpf) or the 128-cell stage (i.e., ~2.25 hpf) into the top of
the yolk close to the yolk/blastodisc or yolk/blastodermmargin, respec-
tively. Injected embryoswere incubated at ~28.5 °C in the dark and then
dechorionated manually with two 21-gauge needles (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) just prior to imaging to improve
optics. Embryos were then immobilized in small grooves made in aga-
rose in the microwells of P35G-1.5-14-C glass-bottom culture dishes
(MatTek, Ashland, MA, USA). These were used as imaging chambers,
and embryos were oriented with a pair of watchmaker's forceps to the
desired orientation to facilitate imaging of a side or animal pole (AP)
view. Further details regarding microelectrode preparation, microinjec-
tion techniques, and embryo positioning and immobilization methods
are described by Webb et al. [36].
2.3. Confocal and multi-photon excitation microscopy techniques
Unless otherwise speciﬁed,ﬂuorescencewas visualized using a Leica
TCS SP5 II laser scanning confocal systemmounted on a Leica DMI 6000
invertedmicroscope (LeicaMicrosystems,Wetzlar, Germany) equipped
with multi-photon excitation capability. Images were collected using
either a Leica HC PL APO 20×/0.7NA dry, or HCX PL APO 63×/1.4-0.6
NA oil-immersion, objective lens. In experiments where embryos
were injected with FITC-aequorin or Calcium Green-1 dextran alone,
ﬂuorescence was observed via multi-photon excitation microscopy
using 800 nm excitation and 475–575 nm detection. However, when
embryos were dual-labelled with FITC-aequorin or Calcium Green-1
dextran and Hoechst 33258, the FITC or Calcium Green-1 ﬂuorescence
was then observed via confocal microscopy using 488 nm excitation/
500–550 nm detection and Hoechst 33258 ﬂuorescence was observed
via multi-photon excitation microscopy using 790 nm excitation/
410–510 nm detection. The multiphoton wavelengths were optimized
for each ﬂuorophore used. Rhodamine B ﬂuorescence was observed via
confocal microscopy using 561 nm excitation/570–700 nm detection
wavelengths while SYTOX Green and Alexa Fluor 488 ﬂuorescence was
observed using 488 nm excitation/500–550 nm detection wavelengths.
GFP ﬂuorescence was visualized via confocal microscopy using 488 nm
excitation/500–606 nm detection.
2.4. Microinjection of FITC-aequorin and Hoechst 33258
Embryos were injected with ~2 nl of ﬂuorescein isothiocyanate-
tagged aequorin (FITC-aequorin; custom-made by Molecular Probes,
Eugene, OR, USA) at the 1- or 128-cell stages. The embryos were then vi-
sualized at sphere stage (i.e., ~4 hpf) using the Leica TCS SP5 II systemand
excitation/detectionwavelengths described in Section 2.3. In some exper-
iments, ~1.6 mM Hoechst 33258 (Invitrogen, Carlsbad, CA, USA) was
co-injected with FITC-aequorin at ~2.25 hpf (i.e., the ~128-cell stage) in
order to label the nuclei. Embryos were visualized at 30% epiboly again
using the confocal and multi-photon excitation imaging methods de-
scribed in Section 2.3.
2.5. Aequorin-based Ca2+ imaging and recording
Embryos were injected with approximately 2.3 nl of f-aequorin
(supplied by Dr Osamu Shimomura, the Photoprotein Laboratory,
Falmouth, MA, USA; at ~0.5–1% in 100 mM KCl, 5 mM MOPS, 50 μM
EDTA) at the 128-cell stage and then placed in imaging chambers as
described in Section 2.2. Aequorin-generated luminescence images
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charge coupleddevice (EMCCD; Andor, Belfast, Northern Ireland, UK) or
imaging photon detector (IPD; Photek, East Sussex, England, UK) based
photon imaging microscope (PIM) systems (custom-made by Science
Wares, Falmouth, MA, USA; [37,38]), using Zeiss FLUAR 20×/0.75 N.A.
and Zeiss FLUAR 10×/0.5 N.A. objective lenses, respectively. In addition,
aequorin-generated luminescence was detected with our custom-made
photomultiplier tube (PMT)-based luminescence detection systems (Sci-
ence Wares; as described previously [38]). At the end of these experi-
ments, 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in
Danieau's solutionwas added to the imaging dish, as described previous-
ly [39]. This procedure provides information on the amount of unspent
aequorin and is subsequently referred to as an aequorin ‘burnout’.
Luminescence imaging data were analysed with the Photon Viewer
2 review software (Science Wares), which allowed the analyses of data
using different integration times, time steps, and regions of interest
(ROIs). Data acquired with the PMT-based luminescence detection
systems were analysed with the PMT-IR Imager 2.1 Review software
(ScienceWares). Velocities of propagating Ca2+ waves were calculated
using the half-height time subtraction method described previously
[40].
2.6. Aequorin and SYTOX Green Imaging
In order to more precisely determine the location of the Ca2+ tran-
sients generated, embryos were injected with f-aequorin at the 128-cell
stage and then with ~1 nl SYTOX Green (Molecular Probes) at sphere
stage (i.e., ~4 hpf), as described in Section 2.2. A 5 mM stock solution
of the plasma membrane impermeable nuclear label, SYTOX Green (in
dimethyl sulfoxide: DMSO), was diluted to 2.5 μMwith injection buffer
(5 mM HEPES, 150 mM KCl, pH 7.3) just prior to use. In these experi-
ments, our EMCCD-based PIM system was used to acquire wide-ﬁeld
SYTOX Green ﬂuorescence (at 504 nm excitation/523 nm detection) in
addition to the usual luminescence and bright-ﬁeld images, using the
Zeiss FLUAR 20×/0.75 N.A. objective lens described previously. To exam-
ine the embryos at a higher magniﬁcation, a Zeiss Plan-NEOFLUAR 40×/
0.75 N.A. objective lens was also used. At the end of aequorin-based
data acquisition, the distance between the YSN in regions of the E-YSL
that propagated Ca2+ waves and in regions that did not propagate
waves was determined.
2.7. Visualising Ca2+ transients in the YSL using Calcium Green-1 dextran
Calcium Green-1 dextran and rhodamine B dextran (both 10 kDa;
Invitrogen) were prepared as described previously [41]. Embryos were
injectedwith ~2 nl of the CalciumGreen-1 dextran/rhodamine B dextran
mixture at the 128-cell stage and then imaged as they developed be-
tween dome stage (~4.3 hpf) and 50% epiboly (~5.3 hpf) using the
Leica TCS SP5 II system and excitation/detection wavelengths described
in Section 2.3. In some experiments, Hoechst 33258 was co-injected
with Calcium Green-1 dextran and rhodamine B dextran; they were
mixed at a 2:9:9 ratio (by volume), respectively, just prior to injection.
The ﬂuorescence intensity of the YSN and the YSL cytoplasm was de-
termined by placing ROIs in the form of circles of ~9 μm in diameter
(i.e., the approximate diameter of a YSN) on the nuclei or on different
locations of the YSL cytoplasm, and the change in ﬂuorescence in each
ROI over time was measured. Changes in the level of [Ca2+] in the
YSN and E-YSL cytoplasm were considered to be distinct Ca2+ signals
if they exhibited an increase in ﬂuorescence intensity greater than 20%.
2.8. Further visualization of YSN in live embryos to investigate changes in
inter-nuclear distance in the YSL over time
Embryos were injected as described in Section 2.2 at oblong stage
(i.e., ~3.7 hpf) with ~1 nl of 5 μM SYTOX Green in injection buffer,
after which they were incubated at ~28.5 °C in the dark until domestage (i.e., ~4.3 hpf). SYTOX Green ﬂuorescence was imaged at ~4.7 hpf
(i.e., 30% epiboly), ~6 hpf (i.e., shield stage) and ~7 hpf (i.e., 65% epiboly)
via confocal microscopy, as described in Section 2.3. Inter-nuclear dis-
tances (INDs) were measured between nuclei in the E-YSL, I-YSL and at
the E-YSL/I-YSL boundary.
2.9. Visualization of the endoplasmic reticulum (ER) in the E-YSL
Intact embryos were ﬁxed at oblong, 30% and 50% epiboly stages in
4% paraformaldehyde (PFA) containing 4% sucrose in Dulbecco's
phosphate-buffered saline (PBS; pH 7.3; Invitrogen) overnight at 4 °C,
after which they were washed thoroughly with PBS and then
dechorionated manually. Embryos were immunolabelled with a rabbit
anti-calnexin primary antibody (at 1:20 dilution; Novus Biologicals,
LLC, Littleton, CO, USA) and Alexa Fluor 488 goat anti-rabbit IgG
(at 1:200 dilution; Molecular Probes, Inc.) then incubatedwith Hoechst
33258 (at 1:1000) using well-established labelling techniques [42,43].
Alexa Fluor 488 and Hoechst 33258 ﬂuorescence was visualized as de-
scribed in Section 2.3.
In some experiments, the ERwas labelledwith an ER-GFPmRNA. The
pCS2+ER-GFP plasmid (a kind gift from Germain Gillet, CRCL U1052
INSERM, UMS 3443 CNRS, and IBCP UMR 5086 CNRS-Université Lyon I,
Lyon, France; [31]) was linearized using NsiI and the ER-GFP mRNA
was made and precipitated using the mMESSAGE mMACHINE SP6 Kit
(Life Technologies, Carlsbad, CA, USA) following the protocol provided
by the manufacturer. Embryos were microinjected with 800 pg ER-GFP
mRNA at the 1 k-cell stage (~3 hpf) and GFP ﬂuorescence images were
acquired at 30% epiboly (~4.7 hpf), as described in Section 2.3.
2.10. Microinjection of the Ca2+ chelator 5,5′-dibromo BAPTA
The Ca2+ buffer, 5,5′-dibromo BAPTA (DBB; Invitrogen)was used to
chelate rises in [Ca2+] in the YSL [44]. DBB was prepared as a stock so-
lution of 400 mM in injection buffer and was diluted to 10 mM also in
injection buffer just prior to use. Fertilized embryos were ﬁrst injected
with 2.3 nl f-aequorin and transferred to the PIM or PMT systems for lu-
minescence data acquisition, as described in Sections 2.2 and 2.5.When
an E-YSL Ca2+ signal was detected (usually at somewhere between the
dome to 30% epiboly stages), the embryowas removed from the system
and injectedwith ~1.5 nl of the 10 mMDBB, as described in Section 2.2.
In order to determine the approximate concentration of DBB in the
E-YSL, we made the assumption that at the time when DBB was
injected, the E-YSL is approximately the shape of half an open cylinder
(Fig. 1). We calculated the mean internal and external diameters and
vertical distance of the E-YSL in 5 embryos that had been labelled by in-
jection with rhodamine B dextran (10 kDa) at the 128-cell stage. The
mean internal and external diameters and vertical distance were deter-
mined to be 570 μm, 621 μm and 71.7 μm, respectively. We then used
the following equation to determine the volume of a cylinder: V=
πr2h where ‘V’ is volume, ‘r’ is the radius and ‘h’ is the vertical distance
of the E-YSL; and calculated the volume of the E-YSL by calculating the
volume of the outer cylinderminus the volume of the inner cylinder, di-
vided by 2 (Fig. 1). The total volume of the E-YSL was calculated to be
1.71 nl. As the water % of a zebraﬁsh embryo has previously been
reported to be ~68% [45]; we estimated that the volume of water in
the YSL is 1.71 nl×68%=1.16 nl. Thus, the [DBB] (i.e., 10 mM) in the
1.5 nl volume that was injected, was diluted to a ﬁnal cytosolic concen-
tration of ~3 mM in the 4.96 nl (1.16 nl water+1.5 nl DBB+2.3 nl
aequorin) volume of the YSL. This concentration has been previously
reported to be effective for buffering Ca2+ transients in a variety of em-
bryos [36,44,46].
Following DBB injection, embryos were returned to the system to
continue luminescence imaging or detection. In addition, embryos were
periodically removed from the PMT-based luminescence detection sys-
tems to acquire either bright-ﬁeld images with a Zeiss Axiovert 100 TV
inverted microscope using a Zeiss FLUAR 10×/0.5 N.A. objective lens, or
Fig. 1. Estimation of the volume of the E-YSL in a dome-stage embryo. (A) Schematic to
show the cross-section of an embryo in a lateral orientation with the E-YSL indicated
by the diagonal shading pattern. The width (w) and height (h) of the E-YSL and the ex-
ternal diameter (Ext. diam.) of the embryo at the level of the E-YSL were measured as
illustrated and the internal diameter (Int. diam.) was then calculated. (B) Schematic
representation of the E-YSL as half of an open cylinder with the measured parameters
labelled.
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multizoommicroscope using a Nikon AZ Plan Fluor 5×/0.5 N.A. objective
lens (Nikon, Tokyo, Japan).
2.11. Treatment with Ca2+ channel and SERCA pump antagonists
Embryos were treated with the following Ca2+ channel and
SERCA pump antagonists: 2-aminoethoxydiphenyl borate (2-APB;
Sigma-Aldrich), an antagonist of the inositol 1,4,5-trisphosphate
(IP3) receptor (IP3R); thapsigargin (Sigma-Aldrich), a SERCA pump in-
hibitor; and ryanodine and dantrolene (EMD Chemicals, San Diego, CA,
USA), both antagonists of the ryanodine receptor (RyR) at the concen-
trations used [47,48]. The preparation conditions of each antagonist
are shown in Table 1.
Fertilized embryos were injected with f-aequorin and then trans-
ferred to the PIM or PMT systems for luminescence data acquisition, as
described in Sections 2.2 and 2.5, respectively. When an E-YSL Ca2+Table 1
Details of the concentrations and solvents used in the preparation of the Ca2+ channel
antagonists and SERCA pump inhibitor utilized to determine the source of the E-YSL
Ca2+ transients.
Name of antagonist [Stock]/solvent [Working]/solvent
2-APB 100 mM/DMSO 25 μM/Danieau's solution
Thapsigargin 1 mM/DMSO 1 μM/Danieau's solution
Ryanodine 2 mM/distilled H2O 50 μM/Danieau's solution
Dantrolene 10 mM/DMSO 50 μM/Danieau's solutionsignal was detected (usually at the dome to 30% epiboly stage), the em-
bryo was removed from the system and incubated with the appropriate
Ca2+ channel antagonist or SERCA inhibitor, after which luminescence
imaging or detection was resumed. Bright-ﬁeld and DIC images were
also acquired (as described in Section 2.10) to record the morphology
of the embryos at various time points during the experiment.
2.12. Data analysis and ﬁgure preparation
Numerical data were exported to Microsoft Ofﬁce Excel 2010
(Microsoft, Redmond, WA, USA) for statistical analyses and graph plot-
ting. Images were analysed and distance measurements were made
using ImageJ (National Institutes of Health, Bethesda, MD, USA), and
ﬁgures were prepared using Corel Graphics X5 (Corel, Ottawa, ON,
Canada).
3. Results
3.1. Distribution of FITC-aequorin following injection at the 1-cell or 128-
cell stages
A microinjection protocol was designed to load aequorin preferen-
tially into the yolk syncytial layer (YSL) rather than into the blastoderm.
In order to visualize the distribution of aequorin after injection, an
FITC-tagged aequorin was used. Fig. 2 shows the localization of
FITC-aequorin at the sphere stage following injection into the top
of the yolk cell at either the 1-cell stage (Fig. 2Aii) or the 128-cell
stage (Fig. 2Aiv). When FITC-aequorin was injected at the 1-cell
stage (Fig. 2Ai), it was distributed preferentially in the blastoderm
(Fig. 2Aii). When FITC-aequorin was injected in a similar location
at the 128-cell stage (Fig. 2Aiii), however, it became localized pri-
marily in the E-YSL (Fig. 2Aiv).
In some experiments, embryoswere co-injected at the 128-cell stage
with FITC-aequorin and Hoechst 33258 in order to determine if the em-
bryonic domain loaded with FITC-aequorin at this stage really is the
E-YSL (Fig. 2B). Hoechst 33258 is a cell-permeant DNA stain, which
labels the nuclei in both the blastoderm (see green arrowhead in
Fig. 2Bi) and the YSL. The E-YSN are those located adjacent to the vegetal
margin of the blastoderm (see white arrowhead in Fig. 2Bi, Biii, Biv;
[49]). When the single optical sections acquired for the FITC-aequorin
and the Hoechst 33258 are superimposed (Fig. 2Bi), it is clear that the
FITC ﬂuorescence is co-localized with the region containing the YSN. In
a magniﬁed view of the E-YSL (Fig. 2Bii–Biv) these images indicate
that FITC-aequorin is located within the nuclei as well as in the cyto-
plasm, as shown by its homogeneous distribution in the E-YSL
(Fig. 2Bii) and co-localization with the nuclei (white arrowhead in
Fig. 2Biv). These data suggest that when the injection of aequorin was
delayed to the 128-cell stage, the E-YSL, including both the YSN and
YSL cytoplasm, was preferentially loaded with the Ca2+ reporter.
3.2. Characterization of Ca2+ signalling events in the E-YSL using the
bioluminescent Ca2+ reporter f-aequorin and luminescence microscopy
Fig. 3 shows a representative example (n=13) of an embryo
(injected with f-aequorin at the 128-cell stage) that was imaged from a
lateral view, where the location of the dorsal side remained constant
throughout the experimental period. A series of Ca2+waveswas generat-
ed in the E-YSL starting between dome stage and 30% epiboly (i.e., ~4.5 h
post-fertilization; hpf; Fig. 3Ai and Supplementalmovie S1). The initiation
of these E-YSL Ca2+ waves was abrupt, i.e., no Ca2+ transients were gen-
erated in the E-YSL between the start of data acquisition (shortly after
aequorin injection at the 128-cell stage) and the initiation of the Ca2+ sig-
nals at ~4.5 hpf. This abrupt initiation of the waves was observed in all
(i.e., n=60) experiments performed. In the representative example
shown here, the Ca2+ signals were generated for ~80 min and the ﬁrst
Ca2+ signal that was generated produced a ~7 fold increase in the level
Fig. 2. Comparison of the distribution of FITC-aequorin following injection at the (Aii) 1-cell (i.e., ~0.5 hpf) or (Aiv, B) 128-cell stage (~2.25 hpf), as illustrated in the schematics (Ai)
and (Aiii), respectively. (Aii, Aiv) These are stacks of multi-photon optical sections that have been projected as single images, which were acquired at the sphere stage (i.e., ~4 hpf).
The white square brackets indicate the approximate location of the E-YSL. (B) Images of a representative embryo at 30% epiboly (~4.7 hpf) that was co-injected with FITC-aequorin
and Hoechst 33258 at the 128-cell stage. Single optical sections with (Bi, Biv) combined and (Bii, Biii) separate channel ﬂuorescence, as shown. The region bounded by the yellow
rectangle in panel Bi is shown at higher magniﬁcation in panels Bii–Biv. The green and white arrowheads indicate examples of nuclei in the blastoderm/I-YSL and E-YSL, respec-
tively. The colour scales indicate the relative intensities of FITC and Hoechst 33258 ﬂuorescence. Scale bars are (A) 200 μm, (Bi) 25 μm and (Bii–Biv) 10 μm.
1645M.Y.F. Yuen et al. / Biochimica et Biophysica Acta 1833 (2013) 1641–1656of luminescence above the background level. This initial elevation of Ca2+
was the highest recorded during the signalling period (see red asterisk in
Fig. 3Ai) andwas generated at the dorsal side of the embryo (Fig. 3Aii). In
addition, during the signalling period, a few (in this case two) rapid Ca2+
spikes are superimposed onto a slower increase in thebackground level of
Ca2+, after which there is an even more gradual decrease in the overall
background level over a period of ~60 min with no accompanying rapid
Ca2+ spikes. Assuming that the aequorin luminescence varies with theFig. 3. Representative example (n=13) of the Ca2+ signals generated in the E-YSL during t
the 128-cell stage. (Ai) Temporal trace to show the proﬁle of aequorin-generated luminesce
the Ca2+ signals are indicated by the blue and green dashed arrows, respectively. Luminesce
luminescence in a region of interest (ROI) of ~0.6 mm2 (see panel Ai′). The timeline indicat
trula periods. (Aii, Aiii) Luminescence images were superimposed on to the corresponding
signals generated at: (Aii) the beginning of the signalling period (this Ca2+ signal correspo
is dorsal). (B) Temporal proﬁle of the luminescence generated when an aequorin burnout
level of luminescence in photons/10 s. Scale bar is 200 μm.[Ca2+] in vivo as it does in vitro, i.e., to the second power [50], a 7-fold
rise in luminescence represents a ~2.6-fold increase in [Ca2+]. As the rest-
ing level of [Ca2+] in the cytosol of zebraﬁsh embryonic cells has been
reported to be ~60 nM [19], we thus estimate the peak Ca2+ rise during
E-YSL wave propagation to be ~156 nM. This, however, is most likely to
be a signiﬁcant underestimation. The orientation of the embryo was de-
termined retrospectively; Fig. 3Aiii shows the same embryo at shield
stage (i.e., ~6 hpf) at which time the dorsal (D) side of the embryo canhe late blastula/early gastrula periods, when embryos were injected with f-aequorin at
nce from ~4 hpf to 7.5 hpf. The duration of and maximum increase in luminescence of
nce data were plotted every 10 s with each data point representing 1 s of accumulated
es the various stages of embryonic development during the late blastula and early gas-
bright-ﬁeld images to show the orientation (i.e., lateral view), morphology and Ca2+
nds to the ﬁrst major peak in panel Ai; see red asterisk), and (Aiii) at shield stage (D
was carried out at the end of the imaging experiment. The colour scale indicates the
1646 M.Y.F. Yuen et al. / Biochimica et Biophysica Acta 1833 (2013) 1641–1656be identiﬁed. By this time the Ca2+ signalling window had come to an
end. In order to conﬁrm that the fall in the level of luminescence (and
thus the [Ca2+]) was real and not due to the aequorin being used up, an
aequorin burnout was carried out. Fig. 3B shows that there was still a sig-
niﬁcant amount of active aequorin remaining in the embryo, which indi-
cates that the decline in aequorin-generated luminescencewas due to thewindow of Ca2+ signalling activity coming to an end rather than a lack of
unspent aequorin in the E-YSL.
The E-YSL Ca2+ signals were characterized in further detail with the
embryos in an animal pole orientation (Fig. 4 and Supplemental movie
S2). Embryos were divided into four regions of interest (ROIs; Fig. 4Ai′),
covering the dorsal, ventral, left and right quadrants of the embryo
1647M.Y.F. Yuen et al. / Biochimica et Biophysica Acta 1833 (2013) 1641–1656(again determined retrospectively from the embryo at shield stage;
Fig. 4Aii), the level of luminescence in each ROIwas plotted over a period
of ~75 min, from dome to germ ring stages (Fig. 4Ai). In this representa-
tive animal pole view (n=5), like the lateral view example shown in
Fig. 3, the E-YSL Ca2+ signals started abruptly between the dome and
30% epiboly stages, at ~4.6 hpf. Theﬁrst Ca2+ signalwas again the largest
and againwas generated at the dorsal side of the embryo. Ca2+ signalling
in the ventral, right and left quadrants began shortly after, and generally
showed lower amplitudes than those in the dorsal quadrant. The Ca2+ in
the dorsal and right quadrants did not immediately return to the original
background level of Ca2+ (i.e., to the same level before the signals
began), instead the rapid Ca2+ spikes were superimposed on a gradual
increase in the overall background level of Ca2+. The rapid Ca2+ spikes
generated in the ventral and left quadrants were also superimposed
onto a gradual increase in the background Ca2+, but the latter rose to a
much lesser extent than the dorsal and right quadrants (Fig. 4Ai). In all
quadrants, the overall level of Ca2+ subsequently decreased relatively
slowly, similar to the pattern shown in Fig. 3Ai. The dorsal/right quadrant
bias in Ca2+ signalling was also apparent when luminescence was accu-
mulated for 60 min (from 4.5 to 5.5 hpf; Fig. 4Aiii).
The spatial pattern of Ca2+ signal generation was determined and
two different types of waves were observed; slow, long-range waves
(Fig. 4B) and fast, short-range waves (Fig. 4C). Fig. 4B shows three
waves that propagated around the E-YSL. Waves #1 and #3 were gen-
erated in the dorsal quadrant and are the ﬁrst and second dorsal Ca2+
transients shown in the graph (see #1 and #3 in Fig. 4B and Ai). Wave
#2, which was initiated in the ventral quadrant initially as one wave
and then propagated clockwise and formed two propagating waves in
the right quadrant, is also shown (see #2 in Fig. 4B and Ai). We have
named these waves slow, long-range waves, as they propagate a signif-
icant distance around the E-YSL over a period of severalminutes. Fig. 4C
shows a fast, short-range wave, which propagates a small distance in
just a few seconds. This wave was generated in the ventral quadrant
of the embryo and is the small peak indicated with the purple asterisk
in Fig. 4Ai. The total number of fast and slow Ca2+ waves generated in
each quadrant in n=5 embryos imaged from an AP view, was deter-
mined (Fig. 4Di). In addition, with regards to the slow waves, we
recorded whether they propagated in a clockwise or anti-clockwise di-
rection and if they crossed from one quadrant to another. The bar chart
shows that out of 30 fastwaves and 22 slowwaves, themajority of both
(i.e., 16 fast and 11 slow) were generated in the dorsal quadrant. With
regards to the fast waves, 8 were generated in the ventral quadrant
and 3 were generated in each of the right and left quadrants. With
regards to the slowwaves, a similar numberwere generated in the ven-
tral and right quadrants (i.e., 4 and 5, respectively) while just 2 were
generated in the left quadrant. In addition, in each quadrant, a similar
number of slowwaveswas propagated in a clockwise and anticlockwise
direction and either stayed in the quadrant of generation or crossed into
the next quadrant (Fig. 4Di). The distance travelled and velocity of the
different waves observed were also determined (Fig. 4Dii). We showed
that the slow waves propagated ~10 times slower but ~3 times further
than the fast waves, with mean velocities of ~4 μm/s and ~50 µm/s,
and mean distances of 235 µm and ~80 μm for the slow and fast
waves, respectively. The distance and velocity of the slow waves thatFig. 4. Quadrant analysis of the E-YSL Ca2+ waves visualized in aequorin-injected embryos d
left, ventral and right quadrants in a representative (n=5) embryo imaged from an animal
four regions of interest (ROIs) each of ~0.15 mm2 (see panel Ai′). The timeline indicates stag
shield (S) stage (~6 hpf) to show the division of the four quadrants; dorsal (D), ventral (V),
cumulated light; the positions of the quadrants are also shown. The colour scale indicates the
three slow, long-range Ca2+ waves (indicated by #1–#3) and (C) one fast, short-range Ca2
tively. The Ca2+wave generated in the dorsal quadrant (#1 in panel Bi) corresponds to the ﬁ
Ci corresponds to the small peak indicated by the purple asterisk in the temporal trace (Ai). I
onto the corresponding bright-ﬁeld image and consecutive panels are stepped at (B) 1-minu
shown at higher magniﬁcation in panels Cii–Cvi. (Di) Bar chart to show the total number of
rants of n=5 embryos. With regards to the slow waves, the direction of generation and whe
SEM distances travelled and velocities of the fast and slow waves selected from n=5 embr
direction are shown. The black asterisks indicate where data are signiﬁcantly different at Ppropagated in a clockwise direction around the E-YSL were similar to
those propagating in an anti-clockwise direction, with mean values of
~4.5 μm/s and ~3.9 μm/s, respectively (Fig. 4Dii).3.3. Colocalization of the E-YSL Ca2+ waves and E-YSN clusters
Fig. 5Ai shows part of the blastoderm/E-YSL margin of an embryo at
50% epiboly, which had been injected with aequorin at the 128-cell
stage and thenwith SYTOXGreen at sphere stage (n=3). These data in-
dicate that two Ca2+ signals appear to be co-localized with distinct
regions of E-YSN clustering. In addition, gaps (i.e., regions where E-YSL
Ca2+ waves did not propagate) were often observed between adjacent
propagating slow E-YSL Ca2+ waves (Figs. 4B, 5Ai). We hypothesized
that thedistribution of the E-YSNmightbedirectly linkedwith theprop-
agation of both classes of Ca2+waves through the E-YSL. In the example
shown (Fig. 5Ai), each of the two E-YSL Ca2+ waves was co-localized
with a dense cluster of E-YSN (Fig. 5Aii), whereas the YSN were not so
densely clustered in the gap region between the Ca2+ waves. The area
bounded by the yellow rectangle is shown at a higher magniﬁcation in
Fig. 5Aii, where the E-YSN in the cluster and inter-cluster regions can
be seen more clearly.
We quantiﬁed these observations by measuring and comparing the
inter-nuclear distances (INDs) in the E-YSN clusters and inter-cluster re-
gions. The IND is deﬁned as the shortest distance between the edges of
a pair of adjacent YSN. The mean±SEM IND in the cluster regions was
~1.1±0.2 μm, and was signiﬁcantly shorter than that in the inter-
cluster region, which was ~9.0±1.2 μm (Fig. 5Aiii). These observations
led us to propose that IND might be critical to the propagation of Ca2+
waves through the E-YSL. Where the IND is — ~1.0 μm to 8.0 µm, i.e., in
the regions of nuclear clustering, Ca2+ waves can propagate through
the E-YSL. Where, however, the IND reaches >8 µm, i.e., in the inter-
cluster regions, the Ca2+ waves cannot cross these gaps.3.4. Comparison of INDs in different regions of the YSL
Fig. 5B compares INDs in the E-YSL, I-YSL and at the E-YSL/I-YSL
boundary. At 30% epiboly (i.e., ~4.7 hpf; Fig. 5Bi, Biv), most YSNwere dis-
tributed in a densely packed multi-layered band in the E-YSL at the blas-
todermmarginwith amean INDof ~1.3 μm. Somehad alsomigrated into
the I-YSL but these were far more loosely packed than those in the E-YSL,
exhibiting a mean IND of ~27.0 μm. At this stage, the mean distance be-
tween nuclei in the E-YSL/I-YSL boundary was ~12.3 μm. At shield stage
(i.e., ~6 hpf; Fig. 5Bii, Biv), the E-YSN had become distributed in a narrow
band but these were not as densely packed as those at 30% epiboly,
exhibiting a mean IND of ~7.9 μm. There were a larger number of I-YSN,
to cover the larger area of the I-YSL, andwhile theseweremore closely ar-
ranged than those at 30% epiboly, they were still signiﬁcantly further
apart than the E-YSN, with a mean IND of ~21.0 μm. At the E-YSL/
I-YSL boundary, the IND was ~9.8 μm. At 65% epiboly, (i.e., ~7 hpf;
Fig 5Biii, Biv) the E-YSN were far more loosely arranged, with a mean
IND of ~18.0 μm; the I-YSN were ~26.4 μm apart and the IND at the
E-YSL/I-YSL boundary was ~31.9 μm.uring the late blastula/early gastrula periods. (Ai) Ca2+ signalling proﬁle of the dorsal,
pole view. Luminescence data were collected in each quadrant from ~4.3 to ~5.7 hpf in
es of embryonic development from dome to germ ring stage. (Aii) Bright-ﬁeld image at
right (R) and left (L). (Aiii) Luminescence image of the embryo showing 60 min of ac-
total photon count in 60 min. (B, C) Two sequences of images showing examples of (B)
+ wave, propagating around the E-YSL of the embryo at ~4.6 hpf and ~4.8 hpf, respec-
rst peak in the temporal trace (see #1 in panel Ai), while the ventral Ca2+ wave in panel
n panels B and C the images represent 10 s of accumulated luminescence superimposed
te and (C) 0.5-second intervals. The region bounded by the white square in panel Ci is
fast, short-range and slow, long-range Ca2+ waves generated in each of the four quad-
ther they propagate from one quadrant to another are also presented. (Dii) The mean±
yos, and the velocities of the slow waves propagating in a clockwise or anti-clockwise
b0.001. Scale bars are (Aii) 200 μm; (B, Ci) 100 μm and (Cii–Cvi) 20 μm.
Fig. 5. Investigating the possible relationship between Ca2+ wave propagation and inter-nuclear distance in the E-YSL. (Ai) Colocalization of Ca2+ waves (visualized with
f-aequorin) and clusters of yolk syncytial nuclei (YSN; labelled via microinjection of SYTOX Green) in the E-YSL in a representative live embryo at ~50% epiboly. The white dashed
line indicates the blastoderm margin and the region of the ﬂuorescence image bounded by the yellow rectangle is shown at higher magniﬁcation in panel Aii. The colour scale in-
dicates the level of luminescence in photons/30 s. (Aii) Image of the YSN alone, with the partial outlines of the two Ca2+ waves represented by red dashed lines. (Aiii) Graph to
illustrate the mean±SEM inter-nuclear distances in the E-YSN clusters and inter-cluster region. The asterisk indicates that the inter-nuclear distance in the clusters is signiﬁcantly
smaller than that in the inter-cluster region at Pb0.001. (B) Determination of inter-nuclear distances in different regions of the YSL using SYTOX Green. (Bi–Biii) Stacks of confocal
images were acquired at (Bi) 30% epiboly, (Bii) shield and (Biii) 65% epiboly stages. The internal YSL (I-YSL) and external YSL (E-YSL) are indicated by the orange and white square
brackets, respectively. The colour scale indicates the relative level of SYTOX Green ﬂuorescence. (Biv) Graph to show the mean±SEM inter-nuclear distances in the E-YSL, I-YSL and
at the E- and I-YSL boundary, at the developmental stages shown in panels Bi-Biii. The asterisks indicate that the inter-nuclear distance in a region at a particular stage is signiﬁ-
cantly different from that measured in the same region at a later stage at Pb0.005 (*) and Pb0.05 (**). Scale bars are (A) 50 μm and (B) 100 μm.
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Embryos at 30% epiboly were either ﬁxed and labelled with an
anti-calnexin antibody (Fig. 6A) or were injected live with ER-GFP
mRNA (Fig. 6C). Both ER-labelling protocols showed that the level of
ﬂuorescence in the perinuclear region of the E-YSL appeared to be
greater than in regions of the E-YSL cytoplasm. This observation was
conﬁrmed when the ﬂuorescence intensity was measured (Fig. 6B, D),
and the intensity in the perinuclear YSL was shown to be signiﬁcantly
greater than in the cytoplasmic YSL.Fig. 6. Localization of the endoplasmic reticulum (ER) in the E-YSL of embryos at 30% epiboly
embryos via immunolabeling and with Hoechst 33258, respectively. (C) The ER was also lab
gions of interest (ROIs) of (A) ~2.6 μm2 and (C) ~88 μm2 in the perinuclear and cytoplasmi
Scale bars are (A) 5 μm and (C) 10 μm. (B, D) Graphs to show mean±SEM ﬂuorescence int
terisks indicate that the ﬂuorescence intensity in the perinuclear region is signiﬁcantly gre3.6. Visualization of the YSL Ca2+ signals using a ﬂuorescent Ca2+
reporter and multi-photon microscopy
The E-YSL Ca2+ signals visualized via luminescence Ca2+ imaging
were further conﬁrmed using Calcium Green-1 dextran in conjunction
withmulti-photonmicroscopy (Fig. 7). Fig. 7Ai–Aiii shows a representa-
tive sequence (n=14) of single multi-photon sections taken through
the E-YSL of a 30% epiboly stage embryo. Distinct regions (with diameter
of ~8 to 12 μm) show a steady higher level of Calcium Green-1 ﬂuores-
cence than the background level in the rest of the E-YSL; these were. (A) The ER-protein, calnexin and the yolk syncytial nuclei (YSN) were labelled in ﬁxed
elled in live embryos via expression of ER-GFP. Yellow and pink circles indicate the re-
c YSL, respectively that were used to determine ﬂuorescence intensity in these regions.
ensity in representative perinuclear and cytoplasmic YSL ROIs (n=5 for each). The as-
ater than that in the cytoplasm at Pb0.001.
Fig. 7. Conﬁrmation that Ca2+ signals are generated exclusively in the E-YSL at 30% epiboly using the ﬂuorescent Ca2+ reporter, Calcium Green-1 dextran. (Ai–Aiii) A time series of
single multi-photon optical sections, where consecutive images are displayed at 50-second intervals, showing a representative example (n=14) of a fast, short-range Ca2+ wave
generated in the E-YSL. The region bounded by the white dashed ellipse in panel Aii shows where a sudden increase in ﬂuorescence intensity occurred in a region of the E-YSL com-
prising both YSN and cytoplasm. The colour scale indicates the relative level of Calcium Green-1 ﬂuorescence. (Aiv) Schematic to show the regions of interest (ROIs; diameter=
9 μm) in the YSN (in green) and cytoplasm (in red) used to detect changes in ﬂuorescence intensity in the E-YSL. (Av) Graph to show changes in F/F0 in the YSN and cytoplasm
ROIs over the period of 100 s shown in panels Ai to Aiii. (B) Single (Bi, Biii) confocal and (Bii) multi-photon optical sections visualising the blastoderm/E-YSL margin of a represen-
tative embryo co-injected with (Bi) Calcium Green-1 dextran, (Bii) Hoechst 33258 and (Biii) rhodamine B dextran. The blastoderm/E-YSL margin is indicated by a white dashed line
in each panel. An example of a YSN is indicated with a black arrowhead in panel Bi and a white arrowhead in panels Bii and Biii while an example of a nucleus in the blastoderm is
indicated by a white arrow in panel Bii. Scale bars are 50 μm.
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Green-1 dextran and Hoechst 33258 (Fig. 7B). At the 50-second time
point (Fig. 7Aii), a rise in the level of ﬂuorescence was observed in
both the E-YSN and E-YSL cytoplasm in the region enclosed by the
white dashed ellipse, after which the ﬂuorescence intensity decreased
(Fig. 7Aiii). To quantify this Ca2+ transient, regions of interest (ROIs)
were placed on the E-YSN and in the surrounding E-YSL cytoplasm in
the region of the ellipse, as illustrated by the schematic; Fig. 7Aiv.
When the F/F0 was plotted over time (Fig. 7Av), our data indicated
that the Ca2+ signal was generated simultaneously in both the E-YSL cy-
toplasm and the YSN, but that during the Ca2+ transient, the increase in
Ca2+ in the cytoplasm was greater than that in the nucleus. In addition
to co-labelling embryos with Hoechst 33258 (Fig. 7Bi, 7Bii) embryos
were co-labelled with rhodamine B dextran (Fig. 7Biii). Rhodamine B
ﬂuorescence was slightly lower in the regions of the YSN than in the
rest of the E-YSL. This indicates that the constantly elevated Calcium
Green-1 ﬂuorescence recorded in the YSN (Fig. 7A, Bi) was unlikely to
be due to a higher level of Calcium Green-1 dextran in these organelles,
and thus suggests that the YSN may display a higher resting level of
Ca2+ than the surrounding E-YSL cytoplasm.
3.7. Effects of 5,5′-dibromo BAPTA, 2-APB, ryanodine, dantrolene and
thapsigargin, on the YSL Ca2+ signals and embryonic development
Experiments were performed to study the possible function of the
E-YSL Ca2+ waves during development, and to identify the potential
source(s) and mechanisms of Ca2+ release. Fig. 8Ai shows an untreated
control embryo. The other embryos were either injected with the 5,5′-
dibromo BAPTA (DBB) or incubated with 2-APB, ryanodine, dantrolene
or thapsigargin (Tg) as soon as the ﬁrst E-YSL Ca2+ signalswere observed
(i.e., when a rise in luminescence of more than two times above the nor-
malized background was detected). DBB is a somewhat cell-impermeant
Ca2+ chelator, which does not immediately diffuse through the plasma
membrane of the overlying blastomeres when injected at this stage and
thus only initially buffers the Ca2+ transients in the YSL, rather than in
the blastoderm. Following DBB injection (Fig. 8Bi), the luminescence
trace dropped steadily to the baseline without showing any furthermajor Ca2+ signals. The aequorin burnout of the embryo, conducted at
~12 hpf, indicated that enough active aequorin was still present in the
embryo and thus the absence of Ca2+ signals following DBB injection
was a direct result of the chelator rather than a lack of aequorin in the em-
bryo (Fig. 8Bii).
During DBB treatment, development at ~6 hpf was just slightly de-
layed; when control embryos were at shield stage (Fig. 8Aiiia), the
DBB-treated embryos were at ~germ ring stage (Fig. 8Biiia). However,
subsequent development was more severely delayed; for example,
when control embryos were at ~75% epiboly (Fig. 8Aiiib), the
DBB-injected embryos had not progressed much beyond 50% epiboly,
although they had formed a shield and showed some signs of conver-
gence and extension at the dorsal side (Fig. 8Biiib). In addition, when
control embryos were at the 6-somite stage (Fig. 8Aiiic), DBB-injected
embryos only appeared to have reached ~60–70% epiboly (Fig. 8Biiic),
although they did show signs of further convergence and extension to
the dorsal and anterior regions, respectively, and rudimentary anterior
structures (e.g. the eye primordium and some brain sculpturing) were
observed.
Embryoswere incubated in themembrane permeable IP3R antagonist
2-APB as soon as theﬁrst Ca2+ signals of the E-YSL Ca2+ signalling period
were observed. The representative example (n=4; Fig. 8Ci) shows that
following treatment at ~4.65 hpf, the level of luminescence dropped im-
mediately such that it had returned to the baseline level by ~5 hpf. The
burnout trace (Fig. 8Cii) indicates that there was still active aequorin at
the end of the experiment, which suggests that the decrease in Ca2+
signal was directly due to the action of the drug. 2-APB appeared to
have little immediate effect on morphology, as treated embryos at shield
stage (Fig. 8Ciiia) were somewhat similar to the untreated controls
(Fig. 8Aiiia). However, when the control embryos reached ~75% epiboly
(Fig. 8Aiiib), the 2-APB-treated embryos appeared to have been arrested
at ~50% epiboly and the blastoderm began to lyse (Fig. 8Ciiib). The
2-APB-treated embryos subsequently lysed after 8 hpf, and so we were
not able to image them when the control embryos developed to the
6-somite stage.
Embryos were also incubated in either 50 μM ryanodine (n=4;
Fig. 8Di) or 50 μM dantrolene (n=4; Fig. 8Ei) to determine the possible
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concentrations used have previously been reported to inhibit RyRs [47,
48]. In both cases, Ca2+ signals were still observed. In the representative
ryanodine-treated embryo, the Ca2+ signalling window was ﬁnished by
~5 hpf (~40% epiboly), whereas in the dantrolene-treated embryo, it
had ended by ~5.75 hpf (i.e., between ~50% epiboly and shield stages).
The aequorin burnout experiments (Fig. 8Dii, Eii) conducted at the end
of data acquisition, indicated that enough aequorin was still present to
generate signiﬁcant Ca2+ signals. In addition, ryanodine and dantrolene
seemed to have little effect on development as the morphology of the
treated embryos was very similar to that of the untreated controls at all
three time points (compare panels a to c in Fig. 8Diii and Eiii, with
those in Fig. 8Aiii).
Embryos treated with 1 μM Tg showed a rapid and large increase in
[Ca2+] (Fig. 8Fi) to such an extent that all of the active aequorin in these
embryos was used up (revealed by zero counts being recorded during
post-experimental burnout; data not shown). Furthermore, embryos in-
cubated with Tg exhibited a delay in epiboly when compared with the
untreated controls, for example when control embryos were at ~75%
epiboly (Fig. 8Aiiib), the Tg-treated embryos were only at ~50–60%
epiboly (Fig. 8Fiiib). In addition, when the controls were at the
6-somite stage (Fig. 8Aiiic), Tg-treated embryos had only reached the
3-somite stage and rudimentary anterior structures (e.g. the eye primor-
dium and some brain sculpturing) were observed (Fig. 8Fiiic).
4. Discussion
4.1. Preferential loading of Ca2+ reporters into the YSL
In order to address the question as to whether the YSL has signif-
icant Ca2+ signalling activity, we devised a method to preferentially
load the YSL with Ca2+ reporters (i.e., either luminescent aequorin or
ﬂuorescence-based Calcium Green-1 dextran). The standard method
generally used to load the zebraﬁsh blastodermwith any agent, is to in-
ject embryos into the yolk/cytoplasm conglomerate at the 1-cell stage
as soon after fertilization as possible [37,51]. The injectate (i.e., reporter,
dye, pharmacological agent or morpholino) is then carried into the de-
veloping blastodisc by the process of ooplasmic segregation [52,53].
Fig. 2Aii illustrates the distribution of FITC-tagged aequorin injected at
the 1-cell stage, where it is clear that cells of the entire blastoderm at
the sphere stage (i.e., EVL plus deep cells) show a reasonably homoge-
neous level of FITC ﬂuorescence, thus indicating that these speciﬁc cel-
lular domains of the embryo were preferentially loaded with injectate.
The YSL also shows a low level of FITC-generated ﬂuorescence when
embryos are injected in thismanner. However, as themajority of the re-
porter is loaded into the blastoderm, any signals detected will thus be
predominantly from this cellular domain.
When the injection of FITC-aequorin was delayed until the 128-cell
stage, this resulted in a very different distribution of FITC ﬂuorescence
(Fig. 2Aiv). By labelling the plasma membranes of blastomeres with
GFP, Takesono et al. [54] recently conﬁrmed that the E-YSL forms at
around the 512-cell stage via the collapse of a portion of the lower plas-
mamembrane of a sub-population ofmarginal cellswhich then become
contiguous with the yolk cytoplasmic layer (YCL). After the YSL forms,
the yolk cell becomes uncoupled from the blastoderm, as the marginalFig. 8. Effect of a Ca2+ buffer, Ca2+ channel antagonists and a SERCA pump inhibitor on the
4 hpf to 6 hpf by a representative (n=60) control embryo that was injected with
f-aequorin-injected embryos that were also: (Bi) injected with 5,5′-dibromo BAPTA (DBB)
the concentrations shown, to determine their effect on the E-YSL Ca2+ signals. The timelin
Temporal proﬁles of luminescence generated when an aequorin burnout was carried out a
Data were plotted every second and each data point represents photon accumulation of 1
mean luminescence intensity determined for the 60 min prior to the YSL Ca2+ signalling p
drug or to check embryo status and/or acquire images. (Aiii–Fiii) Bright-ﬁeld (panels a and
All images were acquired when the untreated control embryo (Aiii) reached: (Aiiia to Fiiii
The white dashed line in (Biiic) shows the position of the blastoderm margin. The 2-APB-t
Starting at shield stage, embryos were oriented so that the dorsal side was to the right. Scablastomeres are no longer connected to the yolk cell via cytoplasmic
bridges [26]. Thus, FITC-aequorin injected into the top of the yolk at
the 128-cell stage was preferentially loaded into the forming YSL, but
a small amount was also loaded into cells of the overlying blastoderm
at the blastoderm margin, (Fig. 2Aiv). We suggest that these cells
might either belong to a small sub-population of previously yolk-
bridge-coupled cells that did not participate in the formation of the
YSL, or they are the siblings of previously coupledmarginal cells that di-
vided just prior to YSL formation [55]. In addition, we suggest that the
low level of FITC-generated ﬂuorescence observed in the YSL of embry-
os injected at the 1-cell stage (Fig. 2Aii) is from that loaded into themar-
ginal cells prior to their collapse on YSL formation. Together, our results
suggest that by delaying the injection of Ca2+ reporter to the 128-cell
stage, any Ca2+ transients recorded or visualized from the marginal
zone were likely to be generated in the YSL and not in the cells directly
above.
To further conﬁrm that the domain preferentially loaded with
FITC-aequorin via this 128-cell stage injection technique was indeed
the YSL, we co-injected FITC-aequorin with the ﬂuorescent DNA-
binding dye, Hoechst 33258 [56]. The single confocal sections shown in
Fig. 2B clearly indicate that the membrane impermeable FITC-aequorin
was restricted to the YSL and that FITC ﬂuorescence co-localized with
the YSN, which at 30% epiboly were clustered characteristically at the
blastoderm/YSL margin (Fig. 2Bi, Biv; [7]). As Hoechst 33258 is mem-
brane permeable, it did penetrate the YSLmembranes aswell as the plas-
ma membranes of the overlying blastomeres, and thus it labelled the
nuclei in the cellular blastoderm, as well as those of the inner YSL
(I-YSL), which forms at this stage [7]. Furthermore, the ﬂuorescent signal
from the FITC-aequorinwas relatively homogeneouswithin theYSL, indi-
cating that the YSN also contain FITC-aequorin (Fig. 2Bii and Biv), i.e., no
ﬂuorescence-free “holes” are seen. While aequorin cannot normally pass
into nuclei without being conjugated to a nuclear localization signal [57],
by 30% epiboly, the YSNwill have undergone 3 to 4 cycles of karyokinesis
[58], thus allowing the incorporation of aequorin when nuclear mem-
branes break down and reform (Fig. 2Biv). We also suggest that once
preferentially loaded into the E-YSL, aequorin spreads from the E-YSL
into the internal-YSL (I-YSL). The latter has been shown to form via the
lateral fusion of the lowermost tier of deep blastomeres, leaving a contin-
uous membrane on the upper side of the I-YSL, where it separates the
I-YSL from the intercellular space of the overlying blastoderm [54]. This
membrane has also been shown via transmission electron microscopy
(TEM) [31]. Thus, although current aequorin-based luminescent imaging
has no resolution in the z-axis [38], by delaying injection until the
128-cell stage and co-labelling the YSN, we are conﬁdent that the Ca2+
transients that we describe in this report are generated in the YSL, and
in particular the E-YSL.
4.2. Ca2+ waves propagate through the E-YSL from dome to shield stages
The most signiﬁcant new ﬁnding in our current study was the iden-
tiﬁcation of endogenous fast, short-range and slow, long-range Ca2+
waves that propagated exclusively through the E-YSL of normally de-
veloping zebraﬁsh embryos (Figs. 3 and 4, and Supplemental movies
S1 and S2). In the case of the slow, long-range waves, the elevated
[Ca2+] behind each propagatingwave-frontwasmaintained for periodsE-YSL Ca2+ signals and morphology. (Ai) The luminescence intensity generated from
f-aequorin at the 128-cell stage but otherwise untreated. (Bi–Fi) Representative
, or incubated with (Ci) 2-APB, (Di) ryanodine, (Ei) dantrolene or (Fi) thapsigargin at
e indicates the stages of embryonic development in an untreated embryo. (Aii to Eii)
t ~12–13 hpf. (Fii) No signal was recorded during burnout in the Tg-treated embryo.
s. Each data point was then divided by the normalized background, which was the
eriod. Asterisks indicate when recording was brieﬂy interrupted for application of the
b) and DIC (panel c) images of the embryos used to acquire the Ca2+ signalling data.
a) shield, (Aiiib to Fiiib) 75% epiboly, and (Aiiic, Biiic, Diiic–Fiiic) the 6-somite stages.
reated embryo (Ciii) lysed shortly after the image shown in panel Ciiib was acquired.
le bar is 200 μm.
1652 M.Y.F. Yuen et al. / Biochimica et Biophysica Acta 1833 (2013) 1641–1656in some cases up to severalminutes during the ~90-minwave generation
period, giving the appearance over time of a sustained elevation of Ca2+
in the E-YSL as had been previously reported [14,19,30,32]. The pro-
longed elevation of Ca2+ in the E-YSL following the progression of the
Ca2+ waves poses some interesting questions as to the mechanisms be-
hind how such an elevation might be sustained over periods of several
minutes. These may involve a delay in the Ca2+ store re-sequestration
from the cytoplasmic phase of the YSL via an endogenous inhibition of
the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) pumps [59,60]
and/or involve the activation of a combination of the components in the
store-operated calcium entry (SOCE) pathway. As of yet, however, we
have not explored these interesting possibilities. Furthermore, following
the end of the period of E-YSL Ca2+ wave propagation, the resting level
of [Ca2+] in the E-YSL did not always appear to fall to that seen prior to
wave initiation at ~4.5 hpf (Fig. 4Ai). Such a sustained elevated level of
Ca2+ in the YSL during this later period of epiboly has been previously
reported [19,61], and it has been proposed that it might be required to
promote the endocytosis of yolk cell membrane associated with a punc-
tate band of cortical actin in the E-YSL [62]. This process of yolk cellmem-
brane endocytosis has been suggested to play a key role in driving the
vegetal pole-ward movement of the EVL and YSL during the second
phase of epiboly [28,62–64]. Interestingly, in cases where E-YSL Ca2+
waves meet, they do not annihilate each other in the manner reported
for fertilization waves [65], but appear to fuse together (see Supplemen-
tal movie S2). In the case of the slow, long range waves, this serves to
maintain the elevated [Ca2+] in the E-YSL for time periods in the order
of minutes (Fig. 4B).
The E-YSL Ca2+ transients began abruptly, although the precise
timing of initiation varied somewhat from embryo to embryo. In the
majority of cases, however, it was judged from both timing in hpf
and the morphological appearance of the embryo, to be between
doming and 30% epiboly (Fig. 3Aii). As imaging/recording began im-
mediately after aequorin injection at the 128-cell stage (i.e., around
~2.5 hpf), no Ca2+ transients were detected during the formation of
the YSL at ~512 cell stage (~2.75 hpf). This would seem, therefore,
to refute a previous suggestion that Ca2+ transients visualized in
the region of the embryo that encompass the YSL might be associated
with YSL formation [20,22].
An interesting aspect of YSL formation is its variability [26]. Both the
lineage and number of marginal blastomeres that contribute to forming
theYSL vary signiﬁcantly between embryos, as does the precise timing of
YSL formation. This leads to a considerable variation in the total number
of YSN in the deﬁnitive YSL. Yet, this variation does not seem to interfere
with the development of the embryo, suggesting that the precisemanner
of YSL formation is not critical [11,26,28]. This variation in the timing of
YSL formation may help to account for the inter-embryo differences ob-
served in the initiation time of the E-YSL Ca2+ waves (i.e., the majority
began between doming and 30% epiboly, but in a few cases they began
between 30% and 50% epiboly). Furthermore, the variation in the num-
ber and spatial distribution of the YSN in each embryo [26], may also
help to account for the embryo-to-embryo variability in the exact num-
ber and spatial distribution of the E-YSL Ca2+ waves. This is discussed
later (see Section 4.3). The variation in the precise number and direction
of the E-YSL Ca2+ waves did not seem to have any adverse effect with
regards to the development of the embryo. This suggests that while gen-
erating E-YSL Ca2+ waves may be essential for normal development
(Fig. 8), having a highly reproducible number and precise pattern of
such waves may not be so critical.
4.3. Relationship between E-YSL Ca2+ waves, YSN, and perinuclear ER
Following the formation of the YSL, the yolk syncytial nuclei
(YSN), initially undergo three to ﬁve rounds of division before ceasing
mitosis at sphere stage [26]. This results in several layers of YSN in the
YSL below the blastoderm margin (Fig. 5A, B) [58]. The YSN then dis-
play several highly patterned movements that result in spatiallydistinct morphogenic domains of YSN along the animal-vegetal,
anterior-posterior, and dorsal-ventral axes of the embryo [7]. The
ﬁrst of these movements occurs during the late blastula period, before
the onset of epiboly at doming, where YSN throughout the YSL initiate
longitudinal movements that are directed along the animal-vegetal axis
toward the animal pole (AP). This results in a tightly clustered, but some-
what discontinuous, band of YSN in the E-YSL just below the blastoderm
margin (Fig. 5A), while a second, sub-population of YSN migrate under
the blastoderm into the forming I-YSL [7,66] (Fig. 5B). The sudden appear-
ance of the E-YSL Ca2+ waves coincides with this distinct rearrangement
and clustering of YSN. Furthermore, using our EMCCD-based imaging
platform, where we could rapidly switch from luminescent, to ﬂuores-
cent, to bright ﬁeld imaging [38], we were able to visualize a clear corre-
lation between Ca2+ wave propagation patterns in the E-YSL and
clustering of the E-YSN,wherewaves failed topropagate across “gaps”be-
tween the E-YSN clusters. We termed these gaps “inter-cluster regions”
(Fig. 5Aii). Furthermore, our data suggested that a minimum distance be-
tween the YSN is required in order to propagate a wave through the
E-YSL, and if this gap exceeded ~8 μm, waves failed to cross the gap and
wave propagation was terminated (Fig. 5Aiii).
We examined the distribution of the ER within the YSL as well as its
relationship to the YSN using two complementary techniques; ﬁxing
and immunolabelling using a calnexin antibody, and expression of
ER-GFP in live embryos (Fig. 6). The ER has been shown to be a major
source of the Ca2+ required to propagate calcium-induced calcium re-
lease (CICR) waves [67–69], and perinuclear ER arrays are frequently
contiguouswith the nuclear envelopes inmany cell types [70], andwith-
in embryonic syncytia [71]. Both ER labelling techniques we employed
clearly indicated that the E-YSNhave a perinuclear ER array. Our ﬁndings
are supported by a recent report where the E-YSL of zebraﬁsh was ob-
served via TEM andmembranes reminiscent of ER were visible predom-
inantly in the vicinity of YSN [31]. These ﬁndings have led us to propose
that the clustering of YSN and their associated perinuclear ER in the
E-YSL may provide the propagation pathway to generate CICR waves in
the E-YSL. Interestingly, D'Amico and Cooper [7] reported (again in
zebraﬁsh) that strings of YSN sometimes form, which appear to have
what they describe as “nuclear bridges” attaching them together. We
propose that the nuclear bridges described might perhaps be a shared
and continuous array of perinuclear ER.
In support of our suggestion that the perinuclear ER of clustered
E-YSN provides a propagation pathway for the E-YSL Ca2+ waves, it has
been previously proposed that the spatial distribution of Ca2+-sensitive
Ca2+ stores within the cytosol is a crucial factor in the generation of
CICRwaves, and that Ca2+waves fail to propagatewhen the distance be-
tween the stores exceeds a critical value in the order of a few μm [72].
Assuming, therefore, that the perinuclear ER in the E-YSL represents the
Ca2+-sensitive Ca2+ store, this may explain the failure of E-YSL Ca2+
waves to cross the inter-cluster gaps. It may also help to explain the
two classes of Ca2+ waves observed, i.e., the fast, short-range waves,
and slow, long-range waves, where the former are generated by small
clusters of YSN with optimal spacing, leading to minimal diffusion dis-
tances for the propagating entity (i.e., Ca2+) and thus displaying a faster
velocity, while the latter represent not such optimal YSN spacing (but
spacing within the distance limitation) and thus greater diffusion dis-
tances, leading to much slower overall propagation velocities. Finally, as
mentioned before, the random number of nuclei (and their distribution)
that are released into the YSL when it forms [26], might lead to a consid-
erable variation in the number as well as in the overall pattern of cluster-
ing of YSN around the E-YSL. This might help to explain the variations in
the number and pattern of E-YSL Ca2+waves generated by each embryo,
as well as why the waves can propagate in either clockwise or anti-
clockwise directions, as they simply propagate in the direction of their
closest YSN neighbours. The dorsal bias that is apparent in E-YSL wave
generation (Fig. 4Di) suggests that there might be a greater number of
marginal nuclei that are released within the future dorsal quadrant dur-
ing YSL formation in addition to later dorsally-directed YSN clustering.
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the gastrula period, a sub-population of YSN in the E-YSL do begin to
converge toward the dorsal side of the embryo [7,66]. Aswell as provid-
ing an ER-scaffold for propagating the E-YSL Ca2+ waves, the YSN may
also play a role in initiating the Ca2+ waves, as nuclei themselves have
been reported to also be able to respond to second messenger stimula-
tion [73]. Precisely what, however, initiates the E-YSL-generated Ca2+
waves is currently not known.
The termination of the E-YSL Ca2+ wave signalling period
(Fig. 3Ai) may also result from inter-YSN spacing. By shield stage,
i.e., ~6 hpf, when wave propagation ceases, the population of E-YSN
that have trans-located and clustered at the dorsal side of the E-YSL
begin to separate with respect to the animal-vegetal axis, with an
upper sub-population extending up the embryonic axis within the
I-YSL towards the animal pole, while the lower sub-population move
in the opposite direction toward the vegetal pole in the yolk cytoplas-
mic space [7]. We suggest that once the critical distance of ~8 μm has
been exceeded, Ca2+ wave propagation ceases. A similar case can be
made to explain why the propagating Ca2+ waves in the E-YSL never
extend into the I-YSL, and why no waves were seen to propagate in
the I-YSL (Fig. 5Biv).
Loading embryos with FITC-labelled aequorin clearly demonstrated
that aequorin was present in both the cytoplasm and nuclei of the
E-YSL (Fig. 2Bii, Biv). However, due to a lack of resolution in the z-axis,
our aequorin-based Ca2+ imaging did not reveal any differences in the
resting level of Ca2+ or during E-YSLwave propagation between the cy-
toplasm and the E-YSN. However, by switching to higher resolution con-
focal imaging using the ﬂuorescent reporter Calcium Green-1 dextran
(in conjunction with multi-photon imaging with Hoechst 33258), we
clearly demonstrated that after correcting for reporter distribution via
co-loading with rhodamine B dextran (Fig. 7Biii), there appeared to be
a higher resting level of [Ca2+] within the E-YSN (Fig. 7A). Waves prop-
agating through the E-YSL cytoplasm also appeared to propagate simul-
taneously through theE-YSN (Fig. 7Aii, Av), suggesting that duringwave
propagation, the E-YSN are unable to regulate their [Ca2+] independent-
ly from that of the cytoplasm. This is in spite of seemingly being able to
do sowhen at resting levels. Nuclear Ca2+ signalling is currently an area
of considerable interest, debate and controversy [70,73,74] and while
the existence of nuclear-cytosolic Ca2+ gradients and/or independent
nuclear Ca2+ regulation have been reported [71,75], the growing con-
sensus of opinion supports the view that the nuclear pores are highly
permeable to Ca2+. This suggests that the reported cytoplasmic-
nuclear Ca2+ gradient that we observed at resting levels may be due
to differences in the behaviour and loading of Calcium Green-1 dextran
in the nuclear and cytoplasmic compartments of the E-YSL [76].
4.4. Characteristics and mechanisms of E-YSL Ca2+ waves
The velocities of the fast, short-range (i.e., ~50 μm/s) and the slow,
long-range (i.e., ~4 μm/s) E-YSL Ca2+ waves, both fall approximately
into themiddle category of what have been described as threemain clas-
ses of Ca2+ waves in living systems, i.e., slow waves (0.1–1.0 μm/s), fast
waves (5.0–30.0 μm/s), and ultraﬂast waves (104–108 μm/s) [77,78].
Fast Ca2+ waves in this classiﬁcation are hypothesized to be propagated
by a reaction/diffusionmechanism such as CICR; slowwaves are associat-
edwith slow contractile events andmay be propagated viamechanically-
mediated Ca2+ release; while ultrafast waves represent subsurface or
cortical increases in Ca2+, which accompany action potentials in activat-
ing eggs, neurons, and muscles [78,79]. Periodic Ca2+ waves have also
been reported to be generated in syncytial Drosophila melanogaster em-
bryos [71]. These Ca2+ waves, traveling at ~0.4 μm/s, were reported to
accompany alternating bands of contraction/relaxation that pass from
both embryonic poles to the equator during each nuclear division cycle.
We suggest, therefore, that unlike the fast, short-range E-YSL Ca2+
waves in zebraﬁsh, the Drosophila syncytial waves fall into the class of
slow Ca2+ waves proposed by Jaffe [78]. During each nuclear divisioncycle in syncytial Drosophila embryos, both cortical- and nuclear-
localized Ca2+ transients are generated via Ca2+ release fromperinuclear
ER via IP3Rs [71]. There is, therefore, a striking similarity between Dro-
sophila and zebraﬁshwith regards to the syncytial nuclei; their associated
perinuclear ER; and Ca2+ release via IP3Rs, being responsible for generat-
ing syncytial Ca2+waves. In zebraﬁsh, however,we did not detect any lo-
calized Ca2+ transients associated with YSN division in spite of imaging
throughout the period of YSN karyokinesis. Furthermore, the signiﬁcant
difference in the propagation velocity (in certain cases up to two orders
of magnitude) suggests that the syncytial waves in zebraﬁsh, as well as
having different mechanisms of propagation, may also have different
downstream targets, and thus serve different developmental functions
to those in Drosophila [14,24,68,69].
4.5. Effect of modulating the E-YSL Ca2+ transients on subsequent
embryonic development
Wereport that treatmentwith 25 μMof 2-APB [80] had aprofound ef-
fect on knocking down the E-YSL generated Ca2+waves (Fig. 8Ci). 2-APB
at concentrations of 75 μM and above have been reported to strongly in-
hibit Ca2+ inﬂux via store operated channels (SOCs; [81,82]), and mem-
bers of the canonical transient receptor potential (TRPC) family [83],
whereas a concentration of ~40 μM has been reported to be optimal for
inhibiting IP3Rs [84]. As we used a concentration of just 25 μM, we sug-
gest that it is more likely to be having a major effect on Ca2+ release via
IP3Rs rather than the other two channel types. Furthermore, the presence
of functional TRPC channels or SOCE has yet to be conﬁrmed in zebraﬁsh
during late blastula/early gastrula periods, whereas the presence of func-
tional IP3Rs has previously been reported [85].
Inhibitory concentrations of ryanodine and dantrolene [86], which
act as antagonists of RyRs, had little to no effect on the E-YSL Ca2+ tran-
sients (Fig. 8Di, Ei). Although ryr2a and ryr3mRNAs have been reported
to be expressed between 1 and 2 hpf in zebraﬁsh embryos, no ryr
mRNAs were reported at 5.3 hpf, i.e., in the middle of our E-YSL Ca2+
signalling period [87]. On the other hand, by 18 hpf all ryr isoforms
have been reported to be expressed in zebraﬁsh embryos and Ca2+ re-
lease via RyRs has been shown to participate in the signalling pathways
that regulate later development [48,87,88].
Treatment with 1 μMTg on the other hand, had a dramatic effect on
the E-YSL Ca2+ transients. It induced a rapid, massive and sustained in-
crease in E-YSL [Ca2+], due to the inhibition of the SERCA pump [89].
Similar ﬁndings from zebraﬁsh have been reported previously [31].
This effectively prevented the initiation and generation of the E-YSL
waves visualized in control embryos. The phenotypical results of Tg
treatment resembled those displayed by 2-APB and DBB-treated em-
bryos, i.e., delayed epiboly and subsequent development.
Our experimental protocol was to wait until we saw the ﬁrst E-YSL
Ca2+ signal being generated, and then immediately perfuse the imaging
chamberwith inhibitory concentrations of the antagonist. Thedisadvan-
tage with this technique was that the rest of the embryo, i.e., the blasto-
derm and the yolk cell, were also exposed to the deleterious effects of
these drugs. In the case of 2-APB, this eventually resulted in the lysis of
treated embryos at around 75%–80% epiboly (Fig. 8Ciii). This led us to
adopt a second method to explore the function of wave generation
and propagation, where we microinjected 5,5′-dibromo BAPTA (DBB;
a somewhat membrane impermeable Ca2+ buffer) into the yolk cell
just below the YSL as soon as we had visualized the ﬁrst E-YSL Ca2+
wave. The YSL membranes [31,54] thus prevented DBB from diffusing
into the blastomeres above and therefore it only buffered the Ca2+ tran-
sients in the YSL. Embryos treated in this manner showed signiﬁcant at-
tenuation of E-YSL Ca2+wave activity but did not lyse during epiboly, so
we could thus better assess the effect of blocking the E-YSL Ca2+ waves
on subsequent embryonic development (Fig. 8B).
It was clear that knocking-down or signiﬁcantly attenuating the
E-YSL Ca2+ transients with either 2-APB or DBB, respectively, did not
appear to have any signiﬁcant effect on doming, or the ﬁrst phase of
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showed signs of developing an embryonic shield, suggesting that some
degree of convergence, extension, and involution of cells in the overlying
marginal blastoderm took place. The most signiﬁcant effect of blocking
the E-YSL Ca2+ transients was seen during the second phase of epiboly
that begins after shield stage (i.e., from~6.0 to 10.0 hpf)when the blasto-
derm moves toward the vegetal pole to cover the vegetal portion of the
yolk cell [64]. This was somewhat surprising as the period of E-YSL
Ca2+ wave generation had ended by shield stage (Figs. 3Ai, 4Ai), which
suggests that the E-YSL Ca2+waves arenot directly involved inmediating
this second phase of epiboly. A different set of pan-embryonic Ca2+
waves, however, are generated during this second phase of epiboly and
when targeted with DBB, the second phase of epiboly movements was
blocked. However, these waves are generated in cells at the margin of
the blastoderm and not in the E-YSL, and they only begin after shield
stage [40,90]. Thus, the E-YSL Ca2+ waves occur both at the wrong time
(i.e., too early) and in the wrong place (i.e., in the YSL) to be linked
directly to the second phase of epiboly.4.6. Dorsal bias of the E-YSL Ca2+ waves
Our report that the E-YSL Ca2+ waves show a distinct dorsal bias
over the ~90 minute period between doming and the shield stage
(Fig. 4Di) would appear to be at odds with the numerous reports
suggesting that high levels of PI cycle activity in both embryonic
and extra-embryonic domains promote ventral rather than dorsal
cell fates, possibly by counteracting the axis inducing Wnt/β-catenin
signalling pathway [17,32,33,61,91,92]. Westfall et al. [32] reported
that the embryonic regions displaying the greatest reduction of Ca2+
activity in ppt/Wnt-5 mutant embryos (i.e., ppt−/− embryos) included
the YSL. However, from the fura-2-based, non-confocal imaging meth-
odology employed [93] it is hard to determine the exact location of
the Ca2+ activity in the embryo. In addition,Westfall et al. [32] injected
fura-2 dextran at the 1-cell stage, a procedurewe have shown that leads
to preferential loading of injectate into blastomeres, rather than the YSL
(Fig. 2Aii).Fig. 9. Timeline to show the major events that occur during: the appearance of the YSL; the
reported Ca2+ signals generated at or near to the blastoderm margin, during the blastula an
distance in the E-YSL over time and the generation of E-YSL Ca2+ waves are also shown. MIn addition, treating zebraﬁsh embryos at the 32-cell stage
(i.e., ~1.75 hpf), with the PI-cycle inhibitor, lithium, resulted in
dorsalized embryos [94]. However, the generation of the E-YSL Ca2+
waves we report were only initiated between doming and 30% epiboly
(i.e., ~4.5 hpf), i.e., some ~2.75 h later. We suggest, therefore, that due
to the signiﬁcant difference in timing of the two Ca2+ signalling events,
the generation of dorsal-biased E-YSL Ca2+ waves is not incompatible
with the proposition that high levels of PI cycle activity at an earlier
time period and in a different embryonic domain, can promote ventral
cell fates by counteracting the axis-inducing Wnt-β-catenin signalling
pathway [15,32,92].
Our new data from the E-YSL suggest that there may be an addition-
al level of complexity regarding the role played by Ca2+ in the dynamic
interacting signalling networks at different times and in different em-
bryonic and extra-embryonic domains during the blastula and gastrula
periods of zebraﬁsh development. Furthermore, the appearance of the
E-YSL Ca2+waves does coincidewith a timewhen genes are being spe-
ciﬁcally expressed in the YSL [6]. For example, the nodal-related gene
squint [95,96] and the homeobox genes bozozok [97,98] and hex [3]
display a high level of expression from sphere to dome stage (i.e., ~4.0
to 4.3 hpf) particularly in the dorsal YSL. It was reported that
overexpression of squint or bozozok led to an ectopic and expanded ex-
pression of goosecoid, while overexpression of hex resulted in a reduc-
tion in bmp2b expression and an expanded expression of chordin in
the ventral region, suggesting that these genes might play a role in in-
ducing organiser formation and inﬂuencing dorsal-ventral patterning
[6]. In summary, we present a timeline (Fig. 9) to illustrate the relation-
ship between embryonic development as a whole through the blastula
and gastrula periods [58]; the development of the YSL [49,58]; the dy-
namic activity of the YSN [7,49,58,99]; the onset of epiboly [58]; what
has been published to date regarding Ca2+ signals associated with the
YSL region [17,31,32]; as well as our new E-YSL Ca2+ wave data. We
have included question marks on our timeline in cases where other
authors did not make it clear exactly when Ca2+ transients were
visualized.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2012.10.031.division, distribution and movement of the E-YSN; the movement of the I-YSN; and the
d early gastrula periods. New data regarding E-YSN clustering, changes in inter-nuclear
BT, midblastula transition; AP, animal pole; VP, vegetal pole.
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